Hypoxia is an inseparable component of the solid tumor as well as the bone marrow microenvironment. In this study, we investigated the effect of the novel polyethylene glycol (PEG)-poly l-lysine (PLL)-poly lactic-co-glycolic acid (PLGA) based nanoparticles (NPs) modified by transferrin (Tf) loaded with daunorubicin (DNR) (DNR-Tf-PEG-PLL-PLGA-NPs, abbreviated as DNR-Tf-NPs) on leukemia cells (K562) under hypoxia. In vitro and in vivo tests to determine the effect of the enhanced chemosensitivity were evaluated using the immunofluorescence, flow cytometry, 3,-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-tetrazoliumbromide assay, Western blot analysis, histopathological examination, and immunohistochemistry analysis. Under hypoxia, K562 cells were hypoxia-responsive with the inhibitory concentration 50% (IC 50 ) of DNR increased, resulting in chemotherapy insensitivity. By targeting the transferrin receptor (TfR) on the surface of K562 cells, DNR-Tf-NPs led to an increased intracellular DNR level, enhancing drug sensitivity of K562 cells to DNR with a decreased IC 50 , even under hypoxia. We further detected the protein levels of hypoxia-inducible factor-1α (HIF-1α), Bcl-2, Bax, and caspase-3 in K562 cells. The results indicated that DNR-Tf-NPs downregulated HIF-1α and induced apoptosis to overcome hypoxia. In the xenograft model, injection of DNR-Tf-NPs significantly suppressed tumor growth, and the immunosignals of Ki67 in DNR-Tf-NPs group was significantly lower than the other groups. It was therefore concluded that DNR-Tf-NPs could be a promising candidate for enhancing drug sensitivity under hypoxia in tumor treatment.
Introduction
How tumor cells will respond to chemotherapy is partially determined by the microenvironment. The most important characteristic of the solid tumor microenvironment is hypoxia, which has been proven to play a significant role in the development of chemotherapy insensitivity. 1 Under hypoxia, degradation of hypoxia-inducible factor-1α (HIF-1α) is blocked, leading to its accumulation; HIF-1α is generally considered a critical molecule for hypoxic cells to experience the hypoxic adaptive alterations. 2, 3 It has been shown to be involved in the regulation of tumor proliferation and drug resistance acquired by hypoxia. 4 In addition, study of the bone marrow (BM) of mice models of leukemia shows that leukemia cells are significantly hypoxic compared to cells of healthy mice. 5 Downregulation of HIF-1α expression by using small interfering RNA in leukemia cell line could reduce its proliferation and colony formation ability.
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liu et al fail because of the severe side effects and poor response to the antitumor agents. There is increasing evidence showing that hypoxia has a profound impact on the unsatisfactory efficacy of chemotherapy. 7 There has been enormous growth of interest in novel drug delivery approaches, which enhance drug sensitivity and reduce side effects. 8 The advantages of nanoparticles (NPs)-based agents for treatment of cancer are now being widely explored. Due to the enhanced permeability and retention (EPR) effect, as well as the characteristic of sustained-release, NPs are able to accumulate drugs in tumors and increase the efficacy of treatment. 9, 10 Poly lactic-co-glycolic acid (PLGA) is one of the most frequently used biodegradable polymeric NPs approved by US Food and Drug Administration because of its biocompatibility, ability for sustained drug release, and ease of parenteral administration. 11, 12 With the modification of poly l-lysine (PLL), the PLL-PLGA NPs show obvious advantages compared to unmodified PLGA NPs due to its enhanced solubility in water. 13 When further coated with polyethylene glycol (PEG), the circulation time of PLL-modified PLGA NPs is prolonged. 14 The targeted drug delivery systems are the favored methodology in clinical cancer treatments, and they have been used to enhance the efficiency of drug delivery to specific tissues as well as to decrease the side effects. Among numerous moieties, transferrin receptor (TfR) abundantly expressed on the surface of cancer cells is relatively stable and frequently used as a potential target for tumor treatment. 15, 16 By the modification with transferrin (Tf), the ligand of TfR, NPs can be specifically delivered to the tumor cells. 17 Tf-PEG-PLL-PLGA-NPs (abbreviated as Tf-NPs hereafter) were aimed to localize agents at the tumor sites for maximal effects without resulting in a toxic distribution at the normal sites, thus we were inspired that Tf-NPs could be a potential novel targeted drug delivery system.
Materials and methods
Main materials
PEG-PLL-PLGA-NPs were provided by School of Pharmacy, Nanjing University of Technology (Nanjing, People's Republic of China). Daunorubicin (DNR) was purchased from Main Luck Pharmaceuticals Inc (Shenzhen, People's Republic of China), DNR-PEG-PLL-PLGA-NPs (abbreviated as DNRNPs) and DNR-Tf-PEG-PLL-PLGA-NPs (abbreviated as DNR-Tf-NPs) were prepared as previously described. 18, 19 Roswell Park Memorial Institute 1640 medium was from Thermo Fisher Scientific, Waltham, MA, USA (Waltham, MA, USA), 10% inactivated fetal bovine serum from Sijiqing Biological Engineering Materials Co (Hangzhou, People's Republic of China), 3,-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-tetrazoliumbromide (MTT) (Sigma-Aldrich, St Louis, MO, USA), annexin V-fluorescein isothiocyanate apoptosis detection kit from Nanjing KeyGen Biotech Co (Nanjing, People's Republic of China), monoclonal antibodies for flow cytometry analysis, Western blotting and immunohistochemistry analyses from Santa Cruz Biotechnology Inc. (Dallas, TX, USA), and hematoxylin-eosin Staining Kit from Beyotime Institute of Biotechnology (Shanghai, People's Republic of China). All reagents were of analytical grade.
Preparation of Dnr-Tf-nPs
PEG-PLL-PLGA-NPs were provided by School of Pharmacy, Nanjing University of Technology. The DNR-NPs were synthesized according to the previously published paper of our group using a double-emulsion solvent evaporation/diffusion method. 18 DNR-NPs were extracted using ultracentrifuge for 30 minutes (4°C, 1,500 rpm) and well dissolved in phosphate-buffered saline (PBS) by ultrasound treatment for 30 seconds. Tf was added (Tf/PEG-PLL-PLGA molar ratio 8:1) and stirred at room temperature for 3 hours to conjugate with the surface of DNR-NPs via N,N-carbonyldiimidazole of PEG. Thereafter, DNR-Tf-NPs were extracted and the disperse system was centrifuged for 30 minutes (4°C, 1,500 rpm). The average diameter and polydispersity index were measured by laser particle size analyzer. The morphological characteristics of NPs were observed under transmission electron microscope. The drug loadings were calculated by the ratio of the actual amount of DNR encapsulated to the total amounts of DNR-Tf-NPs. The entrapment efficiencies were calculated as the actual amount of DNR encapsulated versus the theoretical amount in DNR-Tf-NPs, respectively. 18 cell culture and establishment of hypoxic model
The human chronic myeloid leukemia cell K562 was provided by the Institute of Hematology, Chinese Academy of Medical Sciences (Beijing, People's Republic of China). K562 cells were maintained in Roswell Park Memorial Institute 1640 medium with 10% fetal bovine serum, 100 U/mL penicillin, and 100 µg/mL streptomycin (Sigma-Aldrich) at 37°C in a humidified 5% CO 2 atmosphere. For hypoxia conditions, cells were cultured for 24 hours in a sealed chamber flushed with a gas mixture (94% N 2 , 5% CO 2 , and 1% O 2 ). 
Tfr expression analysis on K562 cells
MTT assay for drug sensitivity
Drug sensitivity in vitro was measured by MTT assay. K562 cells were seeded into 96-well plates at a density of 2.0×10 4 cells/well in 0.1 mL of RPMI 1640 medium and incubated with 100 µL of serial dilutions of DNR, DNR-NPs, DNR-Tf-NPs. The cells were then incubated in a hypoxic culture, with normoxic culture as control. After 24 hours, 20 µL of MTT solution (0.5 mg/mL) was added to each well and cultured for additional 4 hours at 37°C in the dark. Then, 150 µL of dimethyl sulfoxide was added to solubilize the formazan crystals. Absorbance was measured at 570 nm by Multiskan MK3 (Thermo Fisher Scientific). The cell inhibition ratio (%) was calculated as following: (1-OD treated group / OD control group ) ×100%, and the inhibitory concentration 50% (IC 50 ) values were calculated.
Flow cytometry for apoptosis assessment
K562 cells were seeded in six-well plates at a density of 4.0×10 5 /well and exposed to DNR, DNR-NPs, DNR-Tf-NPs with equivalent concentration of DNR for 24 hours, respectively, in a hypoxic culture. Then the cells were collected. After being washed with ice-cold PBS twice, the cells were suspended with 500 µL of binding buffer and then labeled with 5 µL of annexin-V-fluorescein isothiocyanate for 15 minutes at 37°C in the dark. Cells incubated without drugs in each group were measured as control group. Thereafter, early apoptosis was determined by FACSCalibur flow cytometry at excitation/emission wavelengths of 488/575 nm.
Western blot analysis
K562 cells treated with different drugs in hypoxic conditions for 24 hours were collected and then lysed in lysis buffer. Protein from cells was extracted, and Western blot analyses were performed as described previously. 20 Briefly, the blots were stained, respectively, with different primary monoclonal antibodies, β-actin, HIF-1α, Bcl-2, Bax, and caspase-3 overnight at 4°C, followed by horseradish peroxidase-conjugated goat antirabbit secondary antibody for 2 hours at room temperature. Protein bands were visualized by enhanced chemiluminescence (Amersham ECL System; GE Healthcare UK Ltd, Little Chalfont, UK) and quantified with densitometry using Image J software (NIH, Bethesda, MD, USA).
Xenograft mouse model
In vivo antitumor activity of DNR, DNR-NPs, and DNRTf-NPs was evaluated using tumor-bearing mice model. Six-week-old BALB/c nude mice weighing 18-22 g were purchased from the Shanghai National Center for Laboratory Animals (Shanghai, People's Republic of China). All experiments involving the mice were carried out in adherence with the Guidelines for the Care and Use of Laboratory Animals of the National Institutes of Health. All the animal experiments were conducted under protocols approved by the animal ethics committee of the Medical School, Southeast University. Mice were maintained in a specific pathogen-free facility on a 12-hour light/dark cycle. They were fed with sterile food. The indoor temperature was about 22°C and humidity ranged from 40% to 50%. All mice were injected subcutaneously with 1×10 7 K562 cells. The length (a) and width (b) of the tumor were measured every other day. When tumor volumes (v/mm 3 ), calculated using the formula: V = 1 2*a*b*b reached ~50 mm 3 , the mice were randomly divided into four groups: saline water control group, free DNR group (1 mg/kg), DNR-NPs group (the DNR concentration was 1 mg/kg), DNR-Tf-NPs group (the DNR concentration was 1 mg/kg). Intravenous treatment was performed seven times every other day. The relative tumor volume RTV = V X /V 1 , where V X and V 1 represent the volumes on day X and the first day of tumor treatment. The antitumor effect of tumor inhibition rate is defined as the inhibitory rate, which is calculated using the formula inhibitory rate (%) = (1-RTV average experimental group /RTV average control group ) ×100%.
histopathological examination
After 2 weeks, these mice were sacrificed. Major organs and tumor tissues were dissected and immediately fixed in 4% paraformaldehyde, dehydrated in a graded series of alcohol, and then embedded in paraffin. Tissue sections (4 µm) of each 
immunohistochemistry analysis
The expression of Ki67 was detected by immunohistochemical staining using UltraSensitive S-P IHC Kit (Maixin, Fuzhou, People's Republic of China). Tumor tissue sections were incubated with anti-Ki67 (1:100, Santa Cruz Biotechnology Inc.) at 4°C overnight and then stained with a streptavidin-peroxidase system. The signal was visualized using diaminobenzidine substrate and counterstaining was done with hematoxylin.
statistical analysis
The results were presented as mean ± standard deviation and analyzed with SPSS software (Version 22.0; IBM Corporation, Armonk, NY, USA). The significance of differences was determined by one-way analysis of variance among multiple groups, and P,0.05 was considered statistically significant.
Results
characterization of Dnr-Tf-nPs
The general transmission electron microscope (TEM) images of the DNR-Tf-NPs are shown in Figure 1A . As can be observed from the TEM images, the DNR-Tf-NPs were spherical in shape and dispersed uniformly. The average diameter of DNR-Tf-NPs was detected by laser particle size analyzer, and it was ~212±11.0 nm as shown in Figure 1B. cell membrane Tfr expression and intensity of intracellular accumulation of drugs As shown in Figure 2 , we first detected the TfR expression on the surface of K562 cells under normoxic and hypoxic conditions for 24 hours by immunofluorescence ( Figure 2A) and flow cytometry ( Figure 2B) . The results showed that hypoxia slightly increased the TfR expression of K562 cells (41.92±1.45 vs 36.83±1.56, P,0.05). To further verify the TfR-mediated targeted uptake, the intracellular accumulation of DNR in K562 cells was detected by flow cytometry ( Figure 3A) . The relative fluorescence intensity (RFI) of intracellular DNR (fluorescence intensity [FI]-treated group/ FI-control group) in K562 cells treated with DNR, DNRNPs, DNR-Tf-NPs were 9.10±0.15, 10.70±0.36, 15.97±0.14, respectively ( Figure 3B) . Results showed that RFI of intracellular DNR in K562 cells was highest in DNR-Tf-NPs group, which indicated that the DNR-Tf-NPs as a targeted delivery system could increase the cell uptake of DNR.
Dnr-Tf-nPs overcoming hypoxiareduced drug sensitivity of K562 cells
We then evaluated the effect of hypoxia on the growthinhibitory effects of DNR. The MTT assay was carried out to test the cell viability of K562 cells (Figure 4 ). Then IC 50 values were calculated from relative survival curves. As evidently illustrated in Figure 4 , the IC 50 value of cells to DNR was increased when K562 cells were exposed to 1.0% O 2 for 24 hours, which indicated K562 cells were hypoxia responsive and resulted in drug insensitivity. Taken together, these results were consistent with the notion that hypoxia downregulates drug sensitivity of tumor cells to chemotherapeutic agents.
Notably, the IC 50 value of hypoxic K562 cells to DNRTf-NPs was 0.555±0.021, significantly lower than the DNR group. However, there was no significant difference seen in the DNR-NPs group and DNR group. These data suggested that by targeting the TfR on the surface of K562 cells, the DNR-Tf-NPs drug delivery system could overcome hypoxiareduced drug sensitivity of K562 cells. measurement day (Figure 7A and B) . Furthermore, the inhibition rates in DNR, DNR-NPs, and DNR-Tf-NPs groups were 33.53%, 52.19%, and 87.01%, respectively ( Figure 7C ). As shown in Figure 7D , the expression of Ki67 was dramatically decreased in xenograft tumors from DNR-Tf-NPs treated group. It was consistent with the tumor growth curve, indicating that antitumor effect can be enhanced with DNR-Tf-NPs of our new delivery system.
Toxicity in vivo
During the experiment period, all the mice were weighed. There were no significant differences in body weight ( Figure 8A , P.0.05) and no obvious abnormal findings between the four groups. After treatment, all mice were sacrificed. We carried out histological bioanalysis of organs to evaluate the potential side effects of NPs on the major organs of mice in vivo. There were no apparent histopathologic changes in the tissues, including lung, heart, liver, kidney, and spleen ( Figure 8B ). These results indicated that DNR-Tf-NPs are safe and have no obvious toxic effects on the main organs of mice.
Discussion
Hypoxia, frequently observed in tumors, is one of the key factors contributing to poor responses to treatment. It is well established that HIF-1α, one of the best characterized markers of hypoxia, is related to tumor metastasis and proliferation, as it governs the hypoxic response in cancer cells. 21 Many hematological malignancies, such as multiple myeloma, 22 acute lymphoblastic leukemia, and acute myeloid leukemia, 23 also overexpressed HIF-1α because of the hypoxic BM microenvironment. Contributions of HIF-1α to chemotherapy failures have been demonstrated in various tumors. Targeting HIF-1α by small molecule inhibitors or approaches such as RNA interference can reverse hypoxic cell chemotherapy insensitivity. 7, [24] [25] [26] Development of novel carriers is ideal for both existing and new drugs to improve the therapeutic index of chemotherapy drugs as poor efficiency becomes a troublesome problem. Current standards have been improved in drug delivery relating to dosing efficacy, biodistribution, and intracellular uptake by utilizing NPs to carry therapeutic agents and target sites of disease.
27,28 PEG-PLL-PLGA-NPs can passively deliver drugs to cancer tissues via EPR. The EPR effect is influenced by a lot of factors, such as the surrounding stroma and patient characteristics. 28 Due to the unpredictability of the EPR effect, especially in leukemia, combination of the actively targeted therapy seems to be necessary. 29 One of the approaches is to couple a ligand to a cell apoptosis
The early apoptotic rates of K562 cells under hypoxia treated with the control, DNR, DNR-NPs, and DNR-TfNPs for 24 hours were 2.74%±0.65%, 33.22%±3.15%, 31.07%±2.47%, and 40.20%±2.03%, respectively ( Figure 5 ). The results showed that the DNR-Tf-NPs group showed a higher apoptotic rate than the other groups (P,0.05). There was a trend of reduction in apoptotic rates of K562 cells treated by DNR-NPs compared to DNR. However, there was no significant difference between them (P.0.05).
expression of hiF-1α, Bcl-2, Bax, and caspase-3
Western blot was used to describe changes in expression of HIF-1α, Bcl-2, Bax, and caspase-3 of K562 cells treated under hypoxia. As expected, HIF-1α, Bcl-2 were downregulated, and Bax and caspase-3 were upregulated to some extent in DNR, DNR-NPs, and DNR-Tf-NPs groups. In addition, these proteins were obviously much more regulated in DNRTf-NPs groups (P,0.05, Figure 6 ).
inhibitory effect of Dnr, Dnr-nPs, Dnr-Tf-nPs in vivo
All the mice were alive and no obvious adverse reactions were observed during the whole treatment. The results showed that the average tumor volumes in DNR-Tf-NPs group were smaller than the other groups at the same 
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nPs enhanced chemosensitivity for hypoxia-responsive tumor cells delivery system. As the ligand can interact with its receptor at the target cell site, the drug can be released to exert cytotoxic effects on the target cell.
TfR is a protein importantly involved in iron metabolism. Due to its overexpression on the surface of cancer cells and constitutive endocytosis, it has been explored as a target to deliver therapeutics into cancer cells via its natural ligand Tf or monoclonal antibodies or their fragments. 30 Studies showed drugs chemically conjugated to Tf had an effectual tissue distribution, a prolonged half-life in blood and reduced side effects. 31 Several lines of evidence have indicated that TfR was overexpressed in leukemia K562 cells and hypoxia could promote its expression. 16 In this study, the TfR expression levels in leukemia K562 cells under normoxic and hypoxic conditions were confirmed and is shown in Figure 2 . By the TfR-mediated endocytosis and transcytosis effect, the intracellular accumulation of DNR was upregulated. We next investigated the influence of hypoxia, a physiological component of BM microenvironment, on the drug sensitivity of leukemia cells and explored whether the targeted Tf-PEG-PLL-PLGA-NPs drug delivery system could overcome hypoxia-induced chemotherapy insensitivity. We compared the drug sensitivity to DNR of normoxic and hypoxic K562 cells, the results showed that hypoxia reduced chemosensitivity of K562 cells to DNR. Notably, the IC 50 of hypoxic K562 cells to DNR-Tf-NPs was significantly lower than free DNR, which indicated that DNR-Tf-NPs could overcome hyoxia-reduced chemotherapy insensitivity.
Apoptosis is triggered by two major signaling pathways: the death receptor pathway and the mitochondrial pathway. signals in cells and play an important role in the latter pathway. Bcl-2 and Bax are both proteins of Bcl-2 family; Bcl-2 inhibits apoptosis, while Bax induces apoptosis. 33 Activation of caspases is involved in apoptosis and caspase-3 in one of the executioner caspases. Our results demonstrated that the antiproliferative and proapoptotic functions of DNR-Tf-NPs may be regulated through the activation of caspase-3 and promotion of the ratios of Bax/Bcl-2. Besides, HIF-1α, the factor that is illustrated to contribute to chemotherapy insensitivity, was greatly downregulated by DNR-Tf-NPs.
Furthermore, a xenograft leukemia tumor model was generated to evaluate the antitumor effect of DNR, DNRNPs, DNR-Tf-NPs in vivo. From the tumor growth curve, we found that intravenous administration of DNR-Tf-NPs significantly reduced the tumor size. And the expression of Ki67, the tumor cell proliferating marker, was dramatically decreased in DNR-Tf-NPs group. All these data indicated that DNR-Tf-NPs expressed the best effect of repressing the proliferation of leukemic cells injected into nude mice. It should be noticed that the effect of DNR-NPs on tumor model is better than DNR, contrary to the results of experiments in vitro. The possible reason for this may be the existence of the EPR effect, which results in passively delivering drugs to the tumor cells.
Conclusion
In summary, the new drug delivery system (DDS) can enhance drug sensitivity of K562 cells to DNR under hypoxic conditions by increasing the intracellular density of DNR. TfR targeted PEG-PLL-PLGA NPs present multiple attractive characteristics in the targeting of cytotoxic agents to cancer cells. An ideal therapy for tumor would be one that selectively targets tumor cells, with no severe side effects to normal cells. The new drug delivery system can enhance the anticancer effect and reduce the side effects by both active and passive targeting ways. All these show that the Tf-PEG-PLL-PLGA NPs delivery system has significant potential for the development of cancer therapies with higher efficacy and minimal toxicity.
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